Cadmium is categorized as a human carcinogen especially involved in lung cancers. Angiogenesis is considered a fundamental requirement for tumorigenesis, but the mechanisms underlying the tumor angiogenesis induced by cadmium are poorly understood. Using in vitro and in vivo models, we investigated the angiogenic mechanisms of cadmium in human bronchial epithelial cells and tumor formation. Our results demonstrated that cadmium (CdCl 2 ) activated extracellular signal-regulated kinases (ERK) and AKT signaling and elevated the expression of a key downstream proangiogenic molecule hypoxia-inducible factor-1 (HIF-1) in immortalized human lung epithelial BEAS-2B cells. Cadmium also induced reactive oxygen species (ROS) production, which could be inhibited by ROS scavengers, catalase and diphenyleneiodonium chloride. Inhibition of ROS generation also attenuated ERK, AKT, p70S6K1 activation, and HIF-1a expression. Similar results were obtained in normal human bronchial epithelial (NHBE) cells, showing that cadmium induced HIF-1 expression via ROS/ERK/AKT signaling pathway. Furthermore, cadmium induced vascular endothelial growth factor expression and transcriptional activation through ROS, ERK, and AKT pathways. Finally, cadmium transformed human bronchial epithelial cells in culture; the transformed cells induced tube formation in vitro, angiogenesis on chicken chorioallantoic membrane, and formed tumors in nude mice. Taken together, the results of this study provide explanation for the role and molecular mechanisms of cadmium in promoting angiogenesis in lung epithelial cells and malignant transformation and will be helpful for improved occupational protection, prevention, as well as chemotherapy of human lung cancers caused by heavy metal cadmium.
Cadmium is categorized as a human carcinogen especially involved in lung cancers. Angiogenesis is considered a fundamental requirement for tumorigenesis, but the mechanisms underlying the tumor angiogenesis induced by cadmium are poorly understood. Using in vitro and in vivo models, we investigated the angiogenic mechanisms of cadmium in human bronchial epithelial cells and tumor formation. Our results demonstrated that cadmium (CdCl 2 ) activated extracellular signal-regulated kinases (ERK) and AKT signaling and elevated the expression of a key downstream proangiogenic molecule hypoxia-inducible factor-1 (HIF-1) in immortalized human lung epithelial BEAS-2B cells. Cadmium also induced reactive oxygen species (ROS) production, which could be inhibited by ROS scavengers, catalase and diphenyleneiodonium chloride. Inhibition of ROS generation also attenuated ERK, AKT, p70S6K1 activation, and HIF-1a expression. Similar results were obtained in normal human bronchial epithelial (NHBE) cells, showing that cadmium induced HIF-1 expression via ROS/ERK/AKT signaling pathway. Furthermore, cadmium induced vascular endothelial growth factor expression and transcriptional activation through ROS, ERK, and AKT pathways. Finally, cadmium transformed human bronchial epithelial cells in culture; the transformed cells induced tube formation in vitro, angiogenesis on chicken chorioallantoic membrane, and formed tumors in nude mice. Taken together, the results of this study provide explanation for the role and molecular mechanisms of cadmium in promoting angiogenesis in lung epithelial cells and malignant transformation and will be helpful for improved occupational protection, prevention, as well as chemotherapy of human lung cancers caused by heavy metal cadmium.
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Cadmium and its compounds exist ubiquitously in the environment, food, drinking water, and particularly in the polluted occupational workplaces (Jarup et al., 1998) . Heavy metals are toxic and have always presented an occupational and environmental concern for industrial personnel and populations living in the contaminated areas (Bernard, 2008; Sethi and Khandelwal, 2006) . The International Agency for Research on Cancer has classified cadmium as a human carcinogen according to the evidence from both humans and experimental animal studies (IARC, 1993) . Epidemiological and experimental studies have identified the target organs of carcinogenic cadmium compounds, including prostate (Achanzar et al., 2001; Benbrahim-Tallaa et al., 2007a,b; Goyer et al., 2004; Nakamura et al., 2002) , breast (Barrett, 2009; BenbrahimTallaa et al., 2009; Brama et al., 2007; Siewit et al., 2010) , urinary bladder (Kellen et al., 2007; Sens et al., 2004) , kidney (Il'yasova and Schwartz, 2005) , liver (Kawata et al., 2009; Qu et al., 2005) , and lung (Beveridge et al., 2010; Cox, 2006) , particularly in tobacco smokers. Tobacco consumption is an additional source of cadmium exposure (Satarug and Moore, 2004) . Like many other plants, tobacco leaves selectively accumulate cadmium from soil. It has been estimated that one cigarette contains about 1-2 lg cadmium. When the exposure is through cigarette smoking,~10-50% of the cadmium content is absorbed in the lung, depending on the particle size and the solubility of cadmium compounds (Bernard, 2008; Jarup and Akesson, 2009; Sahmoun et al., 2005) . After absorption, cadmium is transported by blood and stored in organs rich in a small protein, metallothionein, which exhibits high binding affinity for cadmium (Jin et al., 1998; Waalkes and Klaassen, 1985) . Because cadmium has an exceptionally long (10-30 years) half-life in human body (Jarup et al., 1998) , its carcinogenicity continues to be a major health concern.
Although the linkage between cadmium exposure and the incidence of tumor in some target organs is still elusive, cadmium is a proven cause of human lung cancers (Filipic et al., 2006; Joseph, 2009; Waalkes, 2003) . Studies employing in vitro cell culture and in vivo animal models have revealed some of the mechanisms underlying cadmium carcinogenesis, including aberrant gene expression, DNA repair inhibition, apoptosis resistance, and oxidative stress induction; application of new techniques, such as differential gene and protein expression profiling, may provide further insights into the mechanisms involved in cadmium toxicity and carcinogenesis (Joseph, 2009) . However, further studies are necessary to clarify the etiology of cadmium-induced carcinogenesis.
Angiogenesis is the process of growing new blood vessels from the preexisting ones (Woods et al., 2008) . The blood vessel network mediates the delivery of oxygen and nutrients to tissues of the body and the removal of metabolites. Thus, angiogenesis is not only important for normal physiological functioning but also critical for many pathological processes such as tumor initiation, proliferation, and metastasis (Blagosklonny, 2004; Folkman, 2002; Prozialeck et al., 2006) . It has been well established that angiogenesis is a fundamental requirement for tumor development. Studies have demonstrated that vascular endothelium could be a primary target of cadmium toxicity (Prozialeck et al., 2006; Woods et al., 2008) . Some studies reported disruptive effects of cadmium on human endothelial cells (Helmestam et al., 2010; Kolluru et al., 2006; Majumder et al., 2008; Woods et al., 2008) . Cadmium has dual effects: the low concentration of cadmium (5 and 10lM) increases vascular endothelial growth factor (VEGF) secretion, vascular endothelial growth factor receptor-2 (VEGFR2) activity, and the tube formation in human umbilical vein endothelial cells (HUVECs); whereas high concentration of cadmium causes cell damage and inhibits VEGF expression, VEGFR2 activity, and tube formation (Kim et al., 2011) . A recent study has shown that cadmium impairs the capability of human breast cancer cells to induce angiogenesis (Pacini et al., 2009) . However, little is known about the effects and molecular mechanisms of cadmium on the angiogenic potential of human lung epithelial cells.
To elucidate the role and mechanisms of cadmium in regulating angiogenesis, we investigated the effect of cadmium on reactive oxygen species (ROS), mitogen-activated protein kinases/extracellular signal-regulated kinases (MAPK/ERK), AKT, and p70S6K1 signaling pathways and the downstream proangiogenic factors hypoxia-inducible factor-1 (HIF-1) and VEGF in human lung epithelial cells. We report a novel mechanism that involves the activation of HIF-1 and VEGF through ROS, ERK, and AKT signaling pathways by cadmium that results in human lung epithelial cell malignant transformation. Clarifying the mechanisms of cadmium-induced angiogenesis, malignant transformation, and tumorigenesis would provide a rationale for occupational protection, prevention, and chemotherapy in cadmium-induced lung cancers.
MATERIALS AND METHODS
Reagents and antibodies. Cadmium chloride hemi (CdCl 2 .2 1 / 2 H 2 O), catalase, diphenyleneiodonium chloride (DPI), rapamycin, U0126, LY294002, dimethyl sulfoxide (DMSO), and anti-b-actin antibody were purchased from Sigma-Aldrich (St Louis, MO). CdCl 2 was dissolved in H 2 O, with the pH of 5lM CdCl 2 at 7.1; stocks of U0126, LY294002, and rapamycin were prepared in DMSO and stored at À20°C. Fetal bovine serum (FBS) was from Invitrogen/GIBCO (Grand Island, NY). Antibodies against phospho-ERK, phospho-AKT, AKT, and phospho-p70S6K1 were from Cell Signaling Technology (Beverly, MA). Antibodies against ERK and p70S6K1 were from Santa Cruz Biotechnology (Santa Cruz, CA). Antibodies against HIF-1a and HIF-1b were from BD Biosciences (San Jose, CA). 2#,7#-Dichlorofluorescein diacetate (DCFH-DA) was from Molecular Probe (Eugene, OR).
Adenoviruses. The recombinant adenovirus, Ad-catalase, was purchased from the University of Iowa. Control virus carrying green fluorescent protein (Ad-GFP) was subcloned into adenoviral vector using Ad-Easy system (Stratagene, San Diego, CA). The viruses were amplified in Ad-293 cells, viral titers were determined using the Adeno-X Rapid Titer Kit from BD Biosciences. The cells were infected with adenoviruses at 25 multiplicities of infection (MOI).
Cell culture. Human lung bronchial epithelial cells (BEAS-2B) and HUVECs were purchased from American Type Culture Collection (Manassas, VA). Normal human bronchial/tracheal epithelial (NHBE) cells were from Lonza (Walkersville, MD). BEAS-2B cells were cultured in Dulbecco's Modified Eagle Medium (DMEM) medium (Cellgro, Manassas, VA) containing 10% heatinactivated FBS, 100 units/ml penicillin, and 100 lg/ml streptomycin. HUVECs were cultured in Clonetics EBM-2 medium supplemented with EGM-2 MV SingleQuotes (Lonza). Primary NHBE cells were cultured in BEGF BulletKit (Lonza) containing bronchial epithelial growth medium and supplements. All the cells were cultured in humidified 5% CO 2 incubator at 37°C. The time period of cadmium treatment is determined by the specific individual experiment.
Western blotting analysis. After appropriate treatments, cells were washed with ice-cold PBS (140mM NaCl, 3mM KCl, 6mM Na 2 HPO 4 , and 1mM KH 2 PO 4 , pH 7.4), scraped off the dish gently, and harvested by centrifugation at 1200 3 g for 5 min. The cell pellets were lysed for 30 min on ice using radioimmunoprecipitation assay buffer (150mM NaCl, 100mM Tris [pH 8.0], 1% Triton X-100, 1% deoxycholic acid, 0.1% SDS, 5mM EDTA, and 10mM NaF) containing 1mM phenylmethylsulfonyl fluoride, 2mM aprotinin, 2mM leupeptin, 2mM pepstatin A, 1mM sodium vanadate, and 1mM dithiothreitol. The cell lysates were centrifuged at 13,000 3 g for 15 min, and the supernatants of the total protein extracts were collected. The concentrations of protein extracts were measured using Bio-Rad protein assay reagent (Richmond, CA) and a microplate reader from Berthold Technologies (Oak Ridge, TN). The protein samples were mixed with 23 loading buffer, heated at 100°C for 5 min, and subjected to SDSpolyacrylamide gel electrophoresis. The resolved proteins were transferred to nitrocellulose membranes and blocked with 5% nonfat milk in Tris buffer saline containing 0.05% Tween 20. The membranes were then incubated with appropriate first and horseradish peroxidase-conjugated secondary antibodies, and the protein blots were visualized by the incubation with enhanced chemiluminescence reagent from Pierce (Thermo Scientific, Rockford, IL). The luminescent signals were analyzed using an ImageQuant LAS 4000 Scanner of GE Healthcare (Piscataway, NJ).
Reverse transcription polymerase chain reaction. Total RNAs of BEAS-2B cells treated with cadmium and appropriate inhibitors were isolated using TRIzol reagent from Invitrogen (Carlsbad, CA). RNA concentrations were measured using a NanoDrop spectrophotometer from Thermo Scientific (Wilmington, DE). One microgram of total RNAs was used as template to synthesize the first strand complementary DNA by Avian Myeloblastosis Virus reverse transcriptase and then amplified by GoTaq DNA Polymerase from Promega (Madison, WI). The primers used for PCR amplification are as follows: VEGF sense, 5#-TCGGGCCTCCGAAACCAT-3#; antisense, 5#-CCTGGTGA-GAGATCTGGT-3#; glyceraldehyde-3-phosphate dehydrogenase sense, 5#-TG TTGCCATCAATGACCCCTT-3#; antisense, 5#-CTCCACGACGTACTCAG CG-3#. The PCR reaction was performed at 95°C for 5 min and 28 cycles with each at 95°C for 1 min, 59°C for 1 min, 72°C for 1 min, and with a 15-min extension at 72°C. PCR products were separated by 1% agarose gel and visualized by Phenix
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GelRed Nucleic Acid Stain (Candler, NC) under UV light. The fluorescent signals were analyzed using the ImageQuant LAS 4000 Scanner of GE Healthcare.
Luciferase (luc) reporter assay. BEAS-2B cells were seeded in 12-well plates at a density of 2 3 10 5 cells/well and cultured overnight. The cells were transiently transfected using Lipofectamine (Invitrogen, Carlsbad, CA) with 0.4 lg reporter and 0.2 lg b-galactosidase (b-gal) plasmids. After changing with complete DMEM medium, the cells were either infected with 25 MOI adenoviruses for 48 h or exposed to appropriate inhibitors 12 h before harvest. The cells were treated with 2.5lM CdCl 2 in the final 12 h of incubation. After washing with PBS, the cells were lysed with reporter lysis buffer from Promega. The luciferase activities of the cell extracts were measured using a fluorescent microplate reader (Berthold Technologies). b-Gal activities were determined in assay buffer containing 100mM phosphate [pH 7.5], 2mM MgCl 2 , 100mM b-mercaptoethanol, 1.33 mg/ml o-nitrophenyl b-D-galactopyranoside. The relative luciferase activities were normalized to the controls and calculated as the ratio of luc/b-gal.
Cell transformation and tumor formation assay. BEAS-2B cells were exposed to CdCl 2 for 6 months beginning with a concentration of 1lM. BEAS-2B cells passaged at the same time were used as the control. To test whether cadmium-exposed and control cells can grow independently of attachment, anchorage-independent assay was performed. An equal number of control BEAS-2B and cadmium-transformed (Cd-T) cells (3 3 10 3 ) were suspended in 2 ml DMEM (10% FBS) containing 0.5% SeaPlaque Agar (BioWhittaker Molecular Applications, Rockland, ME). Cell suspension was overlaid on 1 ml polymerized 0.3% SeaPlaque Agar in six-well plates; 1 ml 0.3% agar-DMEM (10% FBS) was overlaid on each well once a week. Colonies were counted and images were taken under microscope after 2 weeks. Experiments were performed in triplicate. To test whether the Cd-T cells can form tumors in nude mice, the Cd-T and control BEAS-2B cells were trypsinized and suspended in serum-free medium. An equal number of cells (1 3 10 6 ) in 20 ll were mixed with the same volume of Extracel Hydrogel (Glycosan Biosystems, Salt Lake City, UT) and injected subcutaneously into the flanks of female NU/NU-nuBR immunodeficient mice (Charles River Laboratories, Wilmington, MA). Two weeks later, the mice were sacrificed. The weight of tumor tissues was measured.
Intracellular H 2 O 2 detection. The specific fluorescent dye, DCFH-DA, for H 2 O 2 is used to detect the intracellular H 2 O 2 level. BEAS-2B cells were seeded in a six-well plate at 40-50% confluence and cultured overnight. The cells were treated without or with 1500 U/ml catalase or 5lM DPI for 30 min, followed by 5lM CdCl 2 treatment for 2 h in serum-free medium. Then, 5lM DCFH-DA was added for 15 min. The cells were washed three times with PBS and fixed with 10% buffered formalin for 10 min. After washing, the fluorescent images were captured using a fluorescence microscope (Olympus, Miami, FL). Similar experiment was performed using BEAS-2B control and Cd-T cells stained by DCFH-DA.
Tube formation assay. Control BEAS-2B and Cd-T cells were cultured to subconfluence. The cells were washed with 1 3 PBS and incubated for 15 h in basic EBM-2 medium containing 1% FBS. HUVECs at subconfluence were starved overnight in EBM-2 basic medium containing 0.2% FBS. The 96-well plate was taken, and each well was precoated with 50 ll growth factor-reduced Matrigel. The plate was placed in a 37°C incubator to allow the gel to solidify. The starved HUVECs were trypsinized and counted in basic EBM-2 medium. The cells were mixed with 50 ll freshly collected conditioned media from control BEAS-2B and Cd-T cells and seeded to the 96-well plate at 1 3 10 4 cells/well. Tube formation was examined and photographed at 8 h under microscope. The lengths of the tubes were measured using Olympus cellSens Standard digital imaging software.
Tumor angiogenesis assay on chick chorioallantoic membrane. Fertilized chicken eggs from Charles River Laboratories (North Franklin, CT) were incubated at 37°C. BEAS-2B cells were exposed to 5lM CdCl 2 for 6 h on day 10. The cells were then washed with 1 3 PBS, trypsinized, and suspended in serum-free DMEM medium at 1.5 3 10 7 cells/ml. Aliquots of 40 ll cell suspension were implanted onto the chick chorioallantoic membrane (CAM) of cultured chicken embryos. Four days after the implantation, the tumor tissues were harvested and photographed under a Nikon dissecting microscope. The branches of the newly formed blood vessels were counted and analyzed.
Statistics. The values in the study were presented as mean ± SE. Differences were statistically analyzed by SigmaStat 3.1 (Systat Software, Inc.) using Student's t-test. The difference is considered as significant at p < 0.05.
RESULTS
Cadmium Activated ERK, AKT, and P70S6K Signaling and Increased HIF-1a Expression in a Time-Dependent Manner
In order to determine the effects of cadmium on the signaling molecules in human lung epithelial cells, we first investigated whether cadmium treatment changes the expression of ERK, AKT, and p70S6K1, the important pathways regulating tumor angiogenesis through downstream signaling molecules HIF-1 and VEGF. Human airway epithelial BEAS-2B cells were exposed to 5lM CdCl 2 for different periods of time. The effects on ERK, AKT, and p70S6K1 signaling were analyzed by immunoblotting. The phosphorylation/activation of ERK, AKT, and p70S6K1 and increased level of HIF-1a were induced by cadmium treatment in a time-dependent manner, whereas the total ERK, AKT, and p70S6K1 as well as HIF-1b were not elevated (Fig. 1) .
Cadmium Activated ERK, AKT, and P70S6K1 Signaling in a Dose-Dependent Manner and Increased HIF-1a Expression BEAS-2B cells were treated for 4 h with different concentrations of CdCl 2 . The effects on ERK, AKT, and p70S6K1 signaling were analyzed by immunoblotting. The activations of ERK, AKT, and p70S6K1 were induced by 5, 10, and 20lM cadmium treatment in a dose-dependent manner, whereas the total ERK, AKT, and p70S6K1 as well as HIF-1b FIG. 1. Cadmium activates ERK and AKT signaling pathways in a timedependent manner. BEAS-2B cells were exposed to 5lM CdCl 2 for different periods of time. The total cellular lysates were analyzed by immunoblotting with antibodies against p-ERK, p-AKT, p-p70S6K1, HIF-1a, and b-actin; the membranes were stripped and reprobed for ERK, AKT, p70S6K1, and HIF-1b.
were not affected (Fig. 2) . HIF-1a, a downstream target of ERK and AKT pathways, was remarkably induced by 1.25, 2.5, and 5lM cadmium treatment, then attenuated when treated with 10 and 20lM cadmium, indicating that other mechanism such as protein stability or toxicity due to treatment could also be involved in HIF-1a expression. Because exposure to 5lM of CdCl 2 was sufficient to activate these pathways, the same treatment conditions were maintained in the following experiments.
Inhibition of ERK and AKT Activation Suppressed CadmiumInduced HIF-1a Expression
To further determine whether ERK and AKT pathways are necessary for cadmium-induced HIF-1a expression, BEAS-2B cells were pretreated with 20lM U0126, 15lM LY294002, or 5 nM rapamycin prior to 5lM CdCl 2 treatment for 4 h. Western blotting results showed that U0126 (protein kinase-ERK kinase [MEK]/ERK inhibitor), LY294002 (phosphatidylinositol-3-kinase [PI3K]/AKT inhibitor) or rapamycin suppressed CdCl 2 -induced activation of p70S6K1 and expression of HIF-1a, as well as ERK or AKT activation, respectively (Fig. 3) . The results indicate that ERK and AKT activation were required for cadmiuminduced HIF-1a expression through p70S6K1 activation.
Cadmium-Induced ROS Production and ROS Are Upstream of ERK and AKT Signaling Pathways
ROS, such as H 2 O 2 , are commonly induced by carcinogens and involved in elevated expression of HIF-1a and VEGF (Gao et al., 2004) . To test the effect of cadmium on ROS production, the level of H 2 O 2 was determined by DCFH-DA staining. Cadmium induced H 2 O 2 generation in the CdCl 2 -treated and Cd-T BEAS-2B cells, and the induction was remarkably suppressed by the ROS inhibitors, catalase and DPI (Figs. 4A and 4B), suggesting that cadmium induces ROS generation. Furthermore, catalase and DPI also inhibited cadmium-induced expression of HIF-1a through ERK, AKT, and p70S6K1 signaling (Fig. 4C) . These results indicate that cadmiuminduced ROS increase the expression of HIF-1a through ERK and AKT activation.
Cadmium -Induced HIF-1a Expression through ROS Generation and Activation of ERK and AKT Pathways in Normal Human Bronchial Epithelial (NHBE) Cells
In order to validate the results found in BEAS-2B cells, we did similar experiments with cadmium treatment and tested the levels of signaling molecules as above in NHBE cells. Primary NHBE cells were incubated with the inhibitors as indicated for 30 min, followed by exposure to 5lM CdCl 2 for 4 h. Similarly as in BEAS-2B cells, cadmium induced activation of ERK, AKT, p70S6K1, and expression of HIF-1a, and their inductions were suppressed by catalase, U0126, LY294002, and rapamycin (mammalian target of rapamycin [mTOR]/ p70S6K1 inhibitor) (Fig. 5) . These results further confirmed the ability of cadmium to induce HIF-1a expression through ROS generation and ERK and AKT signaling in human lung epithelial cells.
Cadmium-Induced ROS Initiated a Signaling Cascade that Includes ERK and AKT Signaling and Led to VEGF Production
VEGF is considered a key growth factor that promotes tumor angiogenesis. It has been well known that HIF-1a can regulate VEGF transcriptional activation through binding to its promoter (Forsythe et al., 1996) . To investigate the potential role of cadmium on critical VEGF production, the expression and transcriptional activation of VEGF in cadmium-treated cells
FIG. 2.
Cadmium activates ERK and AKT signaling pathways in a concentration-dependent manner. BEAS-2B cells were treated for 4 h with indicated concentrations of CdCl 2 . The total cellular lysates were analyzed by immunoblotting with antibodies against p-ERK, p-p70S6K1, HIF-1a, and b-actin; the membranes were stripped and reprobed for ERK, p70S6K1, and HIF-1b.
FIG. 3.
Cadmium-induced activation of ERK signaling was suppressed by the specific inhibitors U0126 (A), LY294002 and rapamycin (B). BEAS-2B cells were incubated with 20lM U0126, 15uM LY294002 or 5nM rapamycin for 30 min, followed by exposure to 5lM CdCl 2 for 4 h. The total cellular lysates were analyzed by immunoblotting with antibodies against p-ERK, p-p70S6K1, HIF-1a, and b-actin. The membranes were stripped and reprobed for ERK, AKT, p70S6K1, and HIF-1b.
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was analyzed by reverse transcription polymerase chain reaction (RT-PCR) and luciferase reporter assay without or with the pretreatment of catalase, U0126, or LY294002. As shown in Figure 6A , cadmium remarkably induced the expression of VEGF messenger RNA (mRNA), and the induction could be inhibited by catalase, LY294002, and U0126. Consistent with mRNA levels of VEGF, similar results were obtained for VEGF luciferase activity (Figs. 6B and 6C ). These results demonstrate that cadmium has the potential to stimulate tumor angiogenesis in lung epithelial cells via VEGF expression, which is dependent on ROS production, ERK, AKT, and HIF-1 signaling.
Chronic Cadmium Exposure Caused Malignant Transformation of Cells and Resulted in Tumor-Forming Ability in Nude Mice
To test whether chronic exposure to cadmium leads to malignant transformation and tumorigenesis, BEAS-2B control and Cd-T cells were used to perform colony assay, which represents the capacity of anchorage-independent growth in vitro. As shown in Figure 7A , control BEAS-2B cells cultured in the absence of cadmium for more than 6 months could not form colonies, whereas Cd-T cells formed significant colonies, showing a characteristic of malignant cells. Meanwhile, to confirm whether Cd-T cells can form tumors in vivo, control BEAS-2B and Cd-T cells were injected subcutaneously into the flanks of nude mice, and tumor growth was monitored 2 weeks later. As anticipated, Cd-T cells formed large tumor xenografts in nude mice, whereas control BEAS-2B cells had no tumor-forming ability (Fig. 7B) .
Cadmium Induces Tube Formation In Vitro and Tumor Angiogenesis In Vivo
To determine the proangiogenic ability of cadmium, we performed tube formation assay with human endothelial cells in vitro and CAM assay in vivo. HUVECs in the conditioned medium prepared from control BEAS-2B cells could not form tubes at 8 h, but tube formation was significantly induced by the conditioned medium made from Cd-T cells (Figs. 8A and 8B ), indicating that some proangiogenic factors may be secreted from the Cd-T cells. To confirm the tumor angiogenic ability of cadmium in vivo, we implanted control and cadmium-treated BEAS-2B cells on the CAM. Tumor tissues formed by the cadmium-treated BEAS-2B cells developed significantly more blood vessels compared with the tissues in control group (Figs. 8C and 8D) . These results suggest that cadmium has the ability of inducing angiogenesis in vivo. The signaling mechanism found in this study is summarized in Figure 8E .
FIG. 4. ROS inhibitors suppress cadmium-induced ROS generation and the activation of ERK signaling. (A)
BEAS-2B cells were incubated with 1500 U/ml catalase and 5lM DPI for 30 min in serum-free medium, followed by addition of 5lM of cadmium for 2 h. The cells were fixed and stained by DCFH-DA; fluorescent images were captured using a fluorescent microscope (upper panel). The corresponding phase micrographs are shown in the bottom panel. Bar, 100 lm. (B) Catalase-and DPI-treated control and Cd-T BEAS-2B cells were fixed and stained, and the images were captured as described above. Bar, 100 lm. (C) BEAS-2B cells were exposed to 5lM CdCl 2 for 4 h after 30 min of incubation with 1500 U/ml catalase and 5lM DPI. The total cellular lysates were analyzed by immunoblotting with antibodies against p-ERK, p-p70S6K1, HIF-1a, and b-actin. The membranes were stripped and reprobed for ERK, p70S6K1, and HIF-1b. 14 JING ET AL.
DISCUSSION
Cadmium and its compounds were classified as human carcinogens based on the evidence from both humans and experimental animals (IARC, 1993) . Angiogenesis is a fundamental requirement for tumorigenesis and tumor development (Blagosklonny, 2004; Folkman, 2002) . The carcinogenic mechanisms underlying cadmium toxicity have been investigated (Filipic et al., 2006; Joseph, 2009 ). However, our understanding of the mechanisms of tumor angiogenesis induced by cadmium is very limited (Prozialeck et al., 2006; Woods et al., 2008) , and results are sometimes paradoxical. Early studies carried out in the absence of serum and utilizing relatively high concentrations of cadmium demonstrated direct toxicity of cadmium on endothelial cells (Kishimoto et al., 1991 (Kishimoto et al., , 1994 (Kishimoto et al., , 1996a . On the other hand, it has also been reported that endothelial cells are rather resistant to the acute cytotoxicity of cadmium even at concentrations up to 1mM (Woods et al., 2008) . Studies investigating angiogenic effects of cadmium revealed dysfunctional and antiangiogenic actions of cadmium on human vascular endothelial cells (Kolluru et al., 2006; Woods et al., 2008) . The ability of cadmium to directly inhibit the process of angiogenesis in endothelial cells implicated that cadmium could inhibit the growth of some types of cancer (Prozialeck et al., 2006) . These findings may explain the elusive carcinogenic effects of cadmium in certain target organs but cannot explain the angiogenic role of cadmium or the accumulated evidence that cadmium is an unequivocal cause of lung cancers. Cadmium may cause various damages to different organs depending on the dose, route, ways, and duration of exposure. The present study investigated the role of cadmium in the critical pathways regulating tumor angiogenesis and their downstream key signaling molecules, HIF-1 and VEGF, in human bronchial epithelial cells.
ROS, including superoxide, hydrogen peroxide, and hydroxyl group, can be induced by particular heavy metals including cadmium (Chen et al., 2011; Yang et al., 2009) . PI3K/AKT and MAPK/ERK have been considered as the crucial regulatory pathways in carcinogenesis and tumor angiogenesis (Jiang and Liu, 2009 ). Here, we investigated the role of cadmium on ROS, ERK, and AKT signaling pathways in human bronchial epithelial cells. Our results indicate that cadmium induces activation of ERK and AKT, as well as their downstream molecules p70S6K1 in a time-and concentrationdependent manner in immortalized human lung epithelial BEAS-2B cells. Acute cadmium treatment induces ROS generation, which can be inhibited by catalase and DPI. To understand the cellular mechanisms by which cadmium promotes cell transformation, lung bronchial epithelial cells BEAS-2B were exposed to cadmium for 26 weeks. These Cd-T FIG. 6. Cadmium-induced VEGF expression is suppressed by inhibitors catalase, U0126, and LY294002. (A) BEAS-2B cells were incubated with 1500 U/ml catalase, 20lM U0126, and 15lM LY294002 for 30 min, followed by treatment with 5lM CdCl 2 for 12 h. Total cellular RNAs were purified with TRIzol. The VEGF mRNA expression was determined by RT-PCR. (B) BEAS-2B cells were seeded in 12-well plates at a density of 2 3 10 5 cells/well and transfected using Lipofectamine with 0.4 lg reporter and 0.2 lg b-gal plasmids. Fresh DMEM medium was then changed, and the cells were infected with 25 MOI adenoviruses for 36 h and exposed to 5lM CdCl 2 for 12 h. The cells were lysed with reporter lysis buffer; cellular extracts were used to determine luciferase activity and b-gal expression. The relative luciferase activities were normalized to the controls and calculated as the ratio of luc/b-gal. † indicates significant difference compared with the BEAS-2B control. * indicates significant difference compared with the control of BEAS-2B exposed to CdCl 2 or infected with Ad-GFP. (C) BEAS-2B cells, seeded in 12-well plates, were transfected with 0.4 lg reporter and 0.2 lg b-gal plasmids. After 36 h, cells were incubated with 20lM U0126 and 15lM LY294002 for 30 min, followed by treatment with 5lM CdCl 2 for 12 h. The cells were lysed with reporter lysis buffer, and the luciferase activity and b-gal expression were measured and presented as described above.
FIG. 5.
Cadmium-induced activation of ERK and AKT signaling was suppressed by the specific inhibitors catalase, U0126, LY294002, and rapamycin in normal human bronchial epithelial (NHBE) cells. NHBE cells were incubated with 1500 U/ml catalase, 20lM U0126, 15lM LY294002, and 5nM rapamycin for 30 min, followed by exposure to 5lM CdCl 2 for 4 h. The total cellular lysates were analyzed by immunoblotting with antibodies against p-ERK, p-AKT, p-p70S6K1, HIF-1a, and b-actin. The membranes were stripped and reprobed for ERK, AKT p70S6K1, and HIF-1b.
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cells were characterized by the increase of proliferation rate and anchor-independent growth. Similar to acute exposure to cadmium, chronic exposure to cadmium also induces ROS production, and ROS inhibitors attenuate the endogenous ROS level in Cd-T cells. Furthermore, treatment with ROS inhibitors, catalase or DPI, suppresses cadmium-induced activation of ERK and AKT and its downstream molecule p70S6K1 in BEAS-2B cells. Similar results were obtained in primary normal human bronchial epithelial cells. These results indicate that cadmium may activate ERK and AKT signaling pathways through ROS generation, thus activating p70S6K1 signaling. The mechanism of cadmium in inducing ROS generation is not known yet. The activation of nicotinamide adenine dinucleotide phosphate-oxidase is likely involved in the ROS induction. However, the precise mechanisms how cadmium leads to ROS generation remain to be interesting topics addressed in future studies. Previous studies showed that ERK and AKT pathways can be activated by growth factors or ) were suspended in 2 ml DMEM (10% FBS) containing 0.5% SeaPlaque Agar. Cell suspension was overlaid on 1 ml polymerized 0.3% agar solution in six-well plates; 1 ml 0.3% DMEM-agar solution was overlaid on each well once a week. Colonies were counted and images were taken under microscope after 2 weeks. The data are presented as mean ± SE (n ¼ 3). * indicates significant difference compared with the control. Pictures are representatives of each treatment. (B) The Cd-T BEAS-2B cells were suspended in serum-free medium and mixed with the same volume of Extracel Hydrogel. Aliquots of 1 3 10 6 cells were injected subcutaneously into the flanks of nude mice. After 2 weeks, tumor tissues were collected and measured in weight. The data are presented as mean ± SE (n ¼ 8). * indicates significant difference compared with the control. 16 hypoxia and can promote tumor angiogenesis through expression of HIF-1 and VEGF (Trisciuoglio et al., 2005) . HIF-1 is a transcription factor that activates transcription of many genes including VEGF (Semenza, 2003) ; moreover, VEGF is the key growth factor that stimulates angiogenesis (Ferrara, 1999) . Our previous studies also demonstrate that some growth factors such as epidermal growth factor and insulin can induce ROS generation, increase HIF-1 and VEGF expression, and promote tumor angiogenesis in ovarian and prostate cancers (Liu et al., 2006; Zhou et al., 2007) . Tumor angiogenesis is mainly regulated by VEGF, the key angiogenic endothelial growth factor. VEGF and its receptors are required for tumor growth, invasion, and metastasis (McMahon, 2000; Verheul and Pinedo, 2000) and have been found to be expressed in various human lung cancers (Ilhan et al., 2004) . Application of VEGF inhibitors has been considered as a therapeutic approach for lung tumors (Kerbel, 2004) . In the present study, we found that HIF-1a is induced by cadmium through ROS, AKT/ERK, and p70S6K1 signaling pathways in both BEAS-2B and NHBE cells. HIF-1 is the most important regulator of VEGF expression by binding to the hypoxia response element in the VEGF promoter (Forsythe et al., 1996; Semenza, 2003) . It is composed of HIF-1a and HIF-1b subunits. HIF-1a is induced by hypoxia, growth factors, and oncogenes and is often upregulated in many human cancers. Here, we show that cadmium remarkably induces expression of VEGF at transcriptional level in BEAS-2B cells, suggesting its high potential to stimulate angiogenesis. The cadmium-induced VEGF transcription is significantly inhibited by catalase, ERK inhibitor U0126, and PI3K/AKT inhibitor LY294002. These results further confirmed that cadmium induces VEGF expression through ROS induction, ERK, and AKT activation.
Anchorage-independent growth is one of the characteristics of malignant cells. We found that chronic exposure to cadmium at 5lM for 26 weeks renders malignant transformation because the Cd-T cells form colonies. To further establish full transformation of Cd-T cells in vivo, Cd-T cells were tested for the ability of tumor formation in nude mice. Two weeks after implantation, the Cd-T BEAS-2B cells formed significantly larger tumors compared with the control cells; this result is consistent with the fact that cadmium has the ability of inducing tumors (Filipic et al., 2006; Joseph, 2009; Waalkes, 2003) . These results further confirm that chronic cadmium exposure has a strong potential of inducing cancers in lung epithelial cells.
Because control BEAS-2B cells could not form tumor in nude mice, we employed tube formation and CAM assay to test the proangiogenic ability of cadmium in vitro and in vivo. Conditioned medium prepared from Cd-T cells significantly induced tube formation using human endothelial cells, indicating the secretion of proangiogenic factors in the conditioned medium made from Cd-T cells. We further demonstrated that cadmiumtreated BEAS-2B cells significantly increased angiogenesis responses in vivo than the control BEAS-2B cells. These results suggest that cadmium has the ability of inducing angiogenesis.
Taken together, the results of this study demonstrate that cadmium induces ROS production, activates ERK and AKT pathways, and upregulates key proangiogenic molecules HIF-1 and VEGF expression in human airway epithelial cells (Fig. 8E) . The activation of ERK and AKT signaling is mediated by ROS. Furthermore, cadmium also induces malignant transformation, angiogenesis in vivo, and tumorigenesis in nude mice, suggesting that cadmium is a carcinogen, and the underlying angiogenic mechanisms may involve ROS production, ERK, and AKT signaling activation. Clarifying the angiogenic mechanisms induced by cadmium, especially in the most prevalent lung cancer, would enable us to have a more complete understanding of the carcinogenicity of cadmium and also provide a novel rationale to improve the occupational health protection, prevention, and chemotherapy in lung cancers caused by cadmium.
